Services national coverage determination for transcatheter aortic valve replacement (TAVR) includes volume requirements for surgical aortic valve replacement (SAVR) for hospitals seeking to initiate or continue TAVR programs. Evidence regarding the association between SAVR volume and TAVR outcomes is limited.
S
ince being approved by the US Food and Drug Administration in November 2011, transcatheter aortic valve replacement (TAVR) has become the main interventional option for patients with severe aortic stenosis who are ineligible or at very high risk to undergo surgical aortic valve replacement (SAVR). [1] [2] [3] [4] [5] [6] The Centers for Medicare & Medicaid
Services set criteria to promote the conduct of higher-quality TAVR in the national coverage determination. One of the key criteria is the requirement of SAVR volumes for hospitals seeking to initiate and continue TAVR programs. The national coverage determination requirement was at least 50 SAVR procedures during the year prior to beginning a new TAVR program and at least 20 SAVRs per year for a continuing TAVR program.
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Procedural volume requirements for SAVR, TAVR, and percutaneous coronary intervention for TAVR programs have been continuously scrutinized and led to convening of Medicare Evidence Development & Coverage Advisory Committee panels, such as the one that was convened on July 25, 2018, to specifically address SAVR volume effect. 8, 9 Previous studies demonstrated that hospitals performing more TAVR procedures in a single year had fewer postoperative adverse events 10, 11 and that accumulated experience of TAVR by hospitals was associated with improved postoperative outcomes. 12 However, none of the volume outcome studies investigated the association of hospital SAVR volume with adoption and outcomes of TAVR. Professional societies released statements on operator and institutional recommendations for TAVR programs in 2012 and updated the recommendations in 2018; both emphasized the importance of the volume of related procedures in optimizing patient outcomes. [13] [14] [15] With important clinical and policy implications, it is critical to understand the association between hospital SAVR volume and the outcomes of TAVR. The objective of this study is to examine the association between hospital SAVR volume and TAVR outcomes by evaluating the association of SAVR volume and combined SAVR and TAVR volumes with TAVR outcomes for procedures performed within 1 year, 2 years, and for the entire period after the initiation of TAVR programs.
Methods

Data Source and Study Population
We used Medicare Provider and Analysis Review and Master Beneficiary Summary Files data for this observational cohort study. Medicare Provider and Analysis Review files contain inpatient hospital and skilled nursing facility claims records for Medicare fee-for-service beneficiaries. Collected information includes patient demographic characteristics, diagnoses, procedures, admission type, discharge disposition, and payment and charge amounts. Master Beneficiary Summary Files contain information on patient enrollment and death. A unique identifier assigned to every beneficiary allows longitudinal follow-up of patients to ascertain death from the Master Beneficiary Summary Files as well as 30-day stroke and readmission events from the Medicare Provider and Analysis Review. This study used Medicare claims data and was determined to be exempt by Weill Cornell Medical College Institutional Review Board (protocol No. 1308014266). Patients were not involved in developing the research question, study outcome measures, study design, or conduct of the study and informed consent was waived.
We identified TAVR procedures performed between October 1, 2011, and December 31, 2015, using International Classification of Diseases, Ninth Revision, Clinical Modification (ICD-9-CM) and ICD-10-CM procedure codes (ICD-9-CM codes 35.05 and 35.06; ICD-10-CM codes 02RF37Z/H, 02RF38Z/H, 02RF3JZ/H, and 02RF3KZ/H) from the Medicare Provider and Analysis Review files. We excluded procedures performed at hospitals where there were only 1 or 2 cases recorded during the 5-year period. When a hospital had no case recorded for at least 1 year between a single case in earlier years and continuously recorded cases in later years, the single case in early years was excluded. In both situations, these procedures likely represented special cases that differed significantly from cases after the formal initiation of a TAVR program at the hospital.
Exposures and Outcomes
The exposure variable of interest is hospital SAVR volume. Surgical aortic valve replacement volume did not change significantly across years; therefore, annual SAVR volume was calculated, and averaged across all years for every hospital and dichotomized into high (≥97 per year) and low (<97 per year) categories based on the median of the entire cohort. We assessed the effect of hospital SAVR volume in 2 ways. First we evaluated the sole association between hospital SAVR volume and TAVR outcomes of patients, where hospital TAVR volume was treated as a covariate. Then, to account for the synergic effect of SAVR volume and accumulated TAVR performance, we also assessed the association of SAVR volume in combination with hospital TAVR volume with patient outcomes. Because there is a collinearity between hospital TAVR and SAVR volumes, we created a 4-category variable jointly defined by these 2 variables, with categories being low SAVR and low TAVR, high SAVR and low TAVR, low SAVR and high TAVR, and high SAVR and high TAVR.
As TAVR volume increased over time, we counted from the first TAVR procedure conducted in a specific hospital and cal-
Key Points
Question Is higher hospital volume of surgical aortic valve replacement associated with better short-and long-term patient outcomes after transcatheter aortic valve replacement?
Findings This all-inclusive national cohort study found that hospitals with higher volumes of surgical aortic valve replacement were more likely to be faster adopters of transcatheter aortic valve replacement. When hospitals with high volume of surgical aortic valve replacement accumulate high volumes of transcatheter aortic valve replacement, they might have the best short-and long-term mortality after transcatheter aortic valve replacement, particularly when compared with hospitals with lower volumes for both procedures.
Meaning Accumulating both surgical and transcatheter aortic valve replacement caseloads is likely to be associated with the best survival outcomes after transcatheter aortic valve replacement procedures.
culated TAVR volume for every 365-day period. For hospitals that started TAVR programs in 2015 and had been performing TAVR for less than 1 year, the number of procedures per month was calculated to project TAVR volume in year 1. For the year periods being investigated, a hospital was determined to be high volume if the numbers of TAVR procedures it performed during these years were above the median (year 1 median, 35; year 2 median, 52; year 3 median, 84; and year 4 median, 137) for most of the time. For example, for analysis of procedures performed within 1 year after initiating TAVR programs, hospitals performing 35 TAVRs or more that year were considered to have a high TAVR volume. For analysis of procedures performed within 2 years after initiation of a TAVR program, hospitals performing 35 TAVRs or more in year 1 and 52 TAVRs or more in year 2 were considered to have a high TAVR volume. For analysis of the entire 4-year period, hospitals performing TAVR procedures above the median for at least 3 years were considered to have a high TAVR volume.
The primary outcome of the study was patient mortality within 30 days after their TAVR procedure. Secondary outcomes were patient 30-day mortality or stroke, 30-day hospital readmission, and 1-year and 2-year mortality. Mortality was ascertained from the Master Beneficiary Summary Files based on beneficiaries' date of death. Stroke was identified both in the hospital and during readmission or skilled nursing facility stay within 30 days after the procedures, using ICD-9-CM and ICD-10-CM diagnosis codes. For postoperative stroke during the index hospitalization, stroke events were determined by intraoperative or postoperative stroke codes (ICD-9-CM code 997.02; and ICD-10-CM codes G97.32, I97.820, and I99.810), hemorrhagic stroke codes (ICD-9-CM codes 430 and 431; ICD-10-CM codes I60 and I61), and ischemic stroke or nonspecific stroke codes without a present-on-admission indicator (ICD-9-CM codes 433.x1, 434.x1, and 436; ICD-10-CM codes I63 and I67.89). Stroke events during follow-up were determined by any hemorrhagic, ischemic, and nonspecific stroke codes, regardless of present-on-admission status. This is a revised scheme developed based on previous literature reporting the use and validation of stroke codes. 16 
Statistical Analysis
Descriptive analyses were performed to examine hospital characteristics and trends in the use of TAVR by hospitals over years.
For every calendar year, the numbers of hospitals starting to perform TAVR and those continuing to perform TAVR were calculated. To assess the differences in hospital characteristics associated with the time they started performing TAVR, the proportion of hospitals that had high SAVR volume was examined by year of first TAVR procedure. The Cochran-Armitage test was used to evaluate the trends over years. To assess the association between hospital SAVR volume and the use of TAVR and SAVR, we compared median hospital volumes of TAVR and SAVR during every subsequent year (365-day period) after the initiation. Differences were assessed using the Wilcoxon rank-sum test for each individual year. A quantile regression model was used to examine whether the trends in use of TAVR and SAVR over time were different between hospitals with low and high SAVR volumes. Patient characteristics were examined and compared between groups defined by hospital SAVR volume and by combined SAVR and TAVR volumes. Differences between groups were assessed with t tests, 1-way analysis of variance, and χ 2 tests. Numbers of events and percentages were calculated for 30-day outcomes by exposure groups. Longer-term mortality (1-year and 2-year) was analyzed as a time-to-event variable, censoring at the end of 2015. A Kaplan-Meier analysis was used to obtain estimated risks of death at the end of 1 and 2 years after the index TAVR procedure. We analyzed the outcomes for procedures performed within 1 year after initiation of TAVR programs, procedures performed within 2 years after initiation, and within all years after initiation.
To account for differences in baseline characteristics and clustering of patients within hospitals, generalized linear mixed models with a hospital random effect were used to compare 30-day outcomes between exposure groups, adjusting for patient demographics, comorbidities, procedure characteristics, and hospital factors. Patients who were discharged in December 2015 were excluded from the analysis of 30-day outcomes to ensure follow-up for all patients. Cox proportional hazards regression models with a robust sandwich variance estimate were used to compare 1-year and 2-year mortality between groups after index TAVR procedures.
A sensitivity analysis was performed to include only transfemoral TAVR. In this analysis, TAVR volume and experience were recalculated to include only transfemoral cases. Sensitivity analyses were also performed to test other definitions for high TAVR and SAVR volumes, including Leapfrog Grouprecommended SAVR volume (120 per year, with estimated 70% being Medicare recipients), the 2018 recommendation for TAVR volume (50 per year or 100 in the prior 2 years), and the lowest or highest tertiles for TAVR volume definition. All analyses were performed using SAS, version 9.4 (SAS Institute Inc).
All P values were from 2-sided tests and results were deemed statistically significant at P < .05. When compared with hospitals with low SAVR volume, those with high SAVR volume tended to perform more TAVR (median TAVR volume by hospitals with high SAVR volume and hospitals with low SAVR volume: year 1, 32 vs 19; year 2, 48 vs 28; year 3, 82 vs 38; year 4, 118 vs 54; P < .001 for all comparisons) and had higher growth of TAVR procedures over time (P < .001 from quantile regression, Figure 2A ). There was no significant change in hospital SAVR volumes over time for hospitals with low SAVR volume and those with high SAVR volume after initiating TAVR programs (median SAVR volume: hospitals with high SAVR volume, 140 in year 1 to 149 in year 4; hospitals with low SAVR volume, 50 in year 1 to 60 in year 4; P = .60 from quantile regression, Figure 2B ).
Results
Hospital Characteristics and Trends in TAVR Use by Hospitals
Patient Characteristics
The mean (SD) age of patients in the cohort was 82.3 (8.0) years ( high TAVR and high SAVR volumes had more comorbidities compared with others.
Association Between Hospital SAVR Volume and Patient Outcomes
When assessing the association between hospital SAVR volume and TAVR outcomes without considering the collinearity between SAVR and TAVR volume, there was no significant difference in 30-day outcomes or 1-year and 2-year mortality between patients who underwent TAVR in hospitals with low SAVR volume and hospitals with high SAVR volume ( Table 2) , within 1 year, 2 years, or for the entire period after hospitals initiated TAVR programs. In this model, higher hospital TAVR volume was associated with better short-and long-term patient outcomes after TAVR, when SAVR volume was controlled for and data from the entire period were analyzed. When jointly examining the association between hospital SAVR and TAVR volumes and TAVR outcomes (Figure 3 and eTable 3 in the Supplement), within the first 2 years after the hospitals initiated TAVR programs, patients treated at hospitals with high SAVR volume and high TAVR volume had the lowest short-term and long-term mortality of the 4 groups. When compared with patients undergoing TAVR in hospitals with low SAVR volume and low TAVR volume, those treated in hospitals with high SAVR volume and high TAVR volume had a 27% decrease in 30-day mortality (odds ratio, 0.73; 95% CI, 0.52-1.02; P = .06) and a 21% decrease in 1-year mortality (hazard ratio, 0.79; 95% CI, 0.69-0.90; P < .001). During the en- tire period after initiation of TAVR programs, patients treated in hospitals with high SAVR volume and high TAVR volume had the lowest 30-day mortality (odds ratio, 0.77; 95% CI, 0.66-0.89; P < .001), when compared with those treated in hospitals with low SAVR volume and low TAVR volume. Higher hospital TAVR volume was associated with lower 30-day patient mortality for hospitals with low SAVR volume (odds ratio, 0.85; 95% CI, 0.72-0.99; P = .04) and those with high SAVR volume (odds ratio, 0.81; 95% CI, 0.69-0.95; P = .009). The reduction in mortality was slightly more prominent for hospitals with high SAVR volume.
Results from sensitivity analysis of transfemoral cases only were consistent with results from the main analysis (eTables 4 and 5 in the Supplement). Sensitivity analyses using different volume category definitions consistently demonstrated that patients treated at hospitals with high SAVR volume and high TAVR volume had the lowest postoperative and long-term mortality (eTable 6 in the Supplement). Hospital TAVR volume was more strongly associated with patient mortality than hospital SAVR volume was. The reduction in postoperative patient mortality associated with higher hospital TAVR volume was more pronounced when hospitals had high SAVR volume. 
Discussion
In this nationwide study, we found that hospitals with high SAVR volume were more likely to adopt TAVR early and had faster growth in TAVR volume. Hospital SAVR volume alone was not associated with postoperative outcomes and 1-year and 2-year mortality after TAVR. However, when jointly assessing the effect of SAVR and TAVR volumes, patients undergoing TAVR at hospitals with high SAVR volume and high TAVR volume had the lowest 30-day, 1-year, and 2-year mortality. This effect was observed when evaluating procedures performed within at least 2 years after the initiation of TAVR programs. Our study demonstrated that assessing hospital SAVR volume alone is not adequate and potentially misleading given the tendency for these hospitals to accumulate TAVR volume more quickly. It was within hospitals with high SAVR volume that the association of accumulated TAVR volume with better outcomes became very strong. Previous studies have reported the association between hospital volume of single-year TAVR procedures and improved postoperative outcomes.
10,11 These studies did not assess the effect of hospital SAVR volume or consider the potential interacting role of hospital SAVR volume when assessing the effect of hospital TAVR volume. Our study has substantially advanced the knowledge in this area. We assessed the association of hospital SAVR volume and combined SAVR and TAVR volumes with TAVR outcomes and demonstrated the additional benefit of high SAVR volume after the accumulation of TAVR experience. Surgical aortic valve replacement was the standard treatment for high-risk aortic stenosis during the pre-TAVR era. Hospitals with higher SAVR volume are likely to be more experienced in managing patients with severe aortic stenosis. After initial approval, TAVR was offered mostly to patients who were at a very high risk of complications of open surgery or were ineligible for SAVR. 20 It is possible that hospitals' accumulated experience in managing high-risk cases led to improved postoperative outcomes of the new procedure. The joint effect of hospital SAVR and TAVR volumes indicated that better outcomes are achieved when frequent use of TAVR is com- HR indicates hazard ratio; OR, odds ratio.
Research Original Investigation
Association Between Hospital SAVR Volume and TAVR Outcomes bined with surgical expertise. In addition, these hospitals with high SAVR and TAVR volume are often hospitals involved in early clinical trials and are more likely to have access to newer technologies, contributing to improved outcomes. The lower 1-year and 2-year mortality of patients treated at hospitals with high SAVR and TAVR volume suggests that these hospitals may also have made better candidate selection and offered better continuing care after discharge. More important, the SAVR volume effect becomes clear when accounting for procedures performed at least 2 years after initiation, which may be attributed to the enhanced benefit of extensive prior experience with SAVR in high-volume hospitals that are past the TAVR learning curve. Further examination of hospital process and patient management may help provide insights into the factors that were associated with better patient outcomes in hospitals with high SAVR and TAVR volumes. To our knowledge, this is the first study that comprehensively evaluated the association of SAVR volume and the use and outcomes of TAVR, accounting for its collinearity with TAVR volume. Previous research has shown that there is wide variation in outcomes after TAVR in the commercial era.
21,22
With the expansion of TAVR indications, 23 it is critical to ensure high-quality care for the growing patient population. Our analyses emphasized the role of both hospital SAVR and TAVR volumes, which has important policy implications when considering the benefit of having volume requirements for hospitals that seek to initiate or continue TAVR programs. Policy decisions to determine the necessity of volume requirement need to take into account the higher likelihood of hospitals with higher SAVR volume to frequently perform TAVR and the combined benefit of hospitals' surgical and accumulated TAVR experience for patients undergoing TAVR.
Limitations
Our study has limitations. We relied on Medicare claims data for the current study. Transcatheter aortic valve replacement might be performed for patients younger than 65 years who were not enrolled in Medicare. However, based on queries using the association between hospital surgical aortic valve replacement (SAVR) volume, transcatheter aortic valve replacement (TAVR), and patient outcomes. 1 The authors look at the association in 438 hospitals between October 2011 and December 2015 among Medicare beneficiaries. The primary outcome of the study was patient mortality within 30 days following their TAVR procedure. Secondary outcomes were patient 30-day mortality or stroke, 30-day hospital readmission, and 1-year and 2-year mortality. Data were collected using Medicare Provider and Analysis Review and Master Beneficiary Summary Files information. The purpose of the study appears to be testing the validity of the national coverage decision requirement for a baseline number of SAVR cases for payment. Recognizing the potential interdependence of SAVR and TAVR volumes, the authors created 4 groups for testing: low SAVR/low TAVR, high SAVR/low TAVR, low SAVR/high TAVR, and high SAVR/high TAVR. High-SAVR centers did at least 97 SAVRs per year and high-TAVR centers did more than the median for TAVR most of the time. They found that high-SAVR-volume hospitals were more likely to be early TAVR adopters and have faster TAVR growth. High SAVR volume alone was not associated with mortality but high SAVR volume combined with high TAVR volume was. However, high TAVR volume alone was associated with better shortterm and midterm outcomes regardless of SAVR volume, with high-SAVR centers tending to have large TAVR programs. 
